A bicuspid aortic valve is the most common congenital heart defect in adults. The defect often has a heterogeneous phenotypic expression involving the heart as well as the vasculature; the constellation of pathologies has recently been termed the bicuspid aortic valve syndrome.
A bicuspid aortic valve is the most common congenital heart defect in adults. The defect often has a heterogeneous phenotypic expression involving the heart as well as the vasculature; the constellation of pathologies has recently been termed the bicuspid aortic valve syndrome. 1 Common components of the syndrome include aortic valve stenosis or regurgitation, aortic root or ascending aortic dilation, and aortic coarctation. Other associations of a bicuspid aortic valve include patent ductus arteriosus, supravalvular aortic stenosis (Williams syndrome), ventricular septal defect, and congenital coronary anomalies. 2 The expression of these defects varies significantly and can only be characterized with the use of cardiovascular imaging. While echocardiography has been the traditional modality used for the imaging of patients with bicuspid aortic valves, cardiovascular magnetic resonance (CMR) has, in the last decade, emerged as a powerful modality for these patients. Wassmuth et al.
3 present their experience with CMR in 242 patients with a bicuspid aortic valve. They describe the valvular and vascular features of the bicuspid aortic valve syndrome, noting a 51% frequency of aortic stenosis without regurgitation, a 17% frequency of aortic regurgitation without stenosis, and a 9% frequency of both aortic stenosis and regurgitation. Aortic dilation was noted in 39% of the patients, with the ascending aorta being the level that was most dilated. It is noteworthy that only 35% of the study cohort had 3-dimensional (3D) CMR angiography, and aortic dimensions were measured from axial localizer images in the other 65%. Measurements from 2D axial images may overestimate the size of an obliquely oriented or tortuous aorta. 4 Nevertheless, the authors have to be commended for their efforts in collecting aortic dimensions in a relatively large number of patients and in highlighting the utility of CMR in the evaluation of the bicuspid aortic valve syndrome. Additional data that would have raised the impact of this paper include comparisons between CMR and echocardiography to demonstrate the incremental value of CMR, and correlations with haemodynamic data derived from CMR and/or echocardiography. Using a variety of techniques, comprehensive assessment of the bicuspid aortic valve syndrome can be performed in less than an hour by CMR. Figure 1 outlines our recommended protocol for such an evaluation. The excellent blood-to-myocardium contrast and a high signal-to-noise ratio of cine CMR imaging using a steady-state free precession pulse sequence allow for 'gold-standard' assessment of left ventricular function and volumes, precise evaluation of aortic valve morphology and motion in any plane, and reliable quantification of aortic stenosis by direct valve orifice planimetry. 5 Cine imaging is also very helpful for visualization of areas of known or suspected aortic coarctation or dissection. Morphologic imaging of the thorax by black blood and bright blood techniques provides the 'lay of the land' and helps to set up 3D angiography of the aorta. In concert with cine imaging, morphologic imaging also allows for the assessment of associated congenital defects that may be present. Electrocardiogramgated, contrast-enhanced, 3D angiography of the aorta allows multiplanar visualization of the aorta and measurement of aortic dimensions in true cross sections at reproducible anatomic landmarks. 6 Velocityencoded phase contrast imaging of the aortic valve flow allows for the assessment of aortic stenosis by peak velocity measurements and aortic regurgitation by regurgitant volume measurements. Generally, imaging is performed at the level of the sinuses of Valsalva; measurements at the level of the valve are less reliable because of turbulent flow and movement during the cardiac cycle of the valve plane in and out of the imaging plane. By accurate measurement of left ventricular and right ventricular stroke volumes from planimetry of cine images, quantification of aortic regurgitation is possible by CMR even in the presence of highly eccentric or multiple jets. 5 Finally, delayed enhancement imaging provides information on myocardial infarction and fibrosis, which may have prognostic significance, especially in patients with significant aortic stenosis. 7 This protocol can be used for the comprehensive assessment of the bicuspid aortic valve syndrome, either at initial presentation or for periodic surveillance. The precise role of CMR relative to other cardiac imaging techniques for the bicuspid aortic valve syndrome varies depending on individual patient-related factors (i.e. presence of metallic devices, renal function, etc.) and institutional factors (i.e. availability of individual imaging modalities, state of the technology, imaging specialist expertise, etc.). While many institutions currently employ CMR as a complementary technique to echocardiography, with a comprehensive protocol as outlined in Figure 1 , CMR currently has the potential to serve as a 'one-stop shop' for most patients with the bicuspid aortic valve syndrome. Ultimately, to achieve widespread adoption, welldesigned longitudinal studies have to be performed to demonstrate the capabilities of CMR to provide relevant diagnostic and prognostic information independent of, and incremental to, other imaging modalities.
Not only does CMR allow for detailed assessment of the left ventricle, the aortic valve, and the aorta in one examination, but it also provides highly reproducible and accurate measurements. Thus, CMR is ideally suited for research efforts focused on the bicuspid aortic valve syndrome.
Since Leonardo da Vinci's sketch of the bicuspid aortic valve .400 years ago, and Paget's description of the propensity of the bicuspid aortic valve to develop disease in 1844, our understanding of the syndrome has significantly increased, especially in the last four decades since the advent of cardiac imaging. However, there are several aspects of this syndrome that remain unexplained. Here, we will Invited Editorial identify some of the research priorities in bicuspid aortic valve syndrome that could be investigated using CMR:
(i) What is the prevalence of a bicuspid aortic valve in the general population? While the prevalence in eight necropsy studies ranged from 0.5 to 1.39%, 2 in five studies using echocardiography of apparently healthy cohorts, 8 -12 it ranged from 0.16 10 to 2.5%
11
-a 15-fold difference. With precise assessment of aortic valve morphology, CMR studies in large healthy populations could clarify the true prevalence of a bicuspid aortic valve.
(ii) What is the prevalence of various morphologic fusion patterns of the bicuspid aortic valve? Are there associations with gender, the presence, extent or the progression of aortic dilation, aortic stenosis or regurgitation, coarctation, or dissection? (iii) What are the frequencies and extents of aortic dilation at various levels? Are there associations with aortic valve morphology, function, gender, coarctation, or dissection? (iv) What is the rate of increase in the aortic dimensions? Are there associations with the aortic levels, baseline dimensions, aortic valve morphology, function, gender, or coarctation? (v) What is the best method to measure and monitor aortic dimensions for dilation? Currently, the guidelines recommend that the external aortic diameter be measured at reproducible anatomic landmarks, perpendicular to the axis of blood flow. 6 Since the aorta is not perfectly circular in cross section, a method using the planimetric area of the aortic lumen from 3D CMR angiography could potentially be superior. (vi) What is the contribution of bicuspid aortic valve function and regional aortic haemodynamics to the presence, extent, and the progression of aortic dilation? The pathophysiologic mechanism for the aortic pathology seen in the bicuspid aortic valve syndrome has been an area of ongoing debate. The earliest school of thought linked aortic dilation with aortic valve disease (especially stenosis), terming it a 'post-stenotic' dilation. Over the last decade, imaging studies revealed aortic dilation in the absence of aortic stenosis or regurgitation and led to the now-dominant hypothesis that aortic dilation is a result of a genetically mediated, congenital disorder of vascular connective tissue. In recent years, pilot studies using novel imaging and analysis techniques such as flow-sensitive 4D CMR have demonstrated that 'normally functioning' bicuspid aortic valves are associated with abnormal flow patterns and asymmetrically increased wall stress in the proximal aorta. 13, 14 Consequently, the pendulum is currently swinging back towards the theory of abnormal haemodynamics as the principal pathophysiologic mechanism for aortic pathology. 14, 15 Future studies employing established and emerging CMR techniques can clarify the precise contributions of abnormal haemodynamics and genetics to the aortic pathology of the bicuspid aortic valve syndrome. (vii) What is the prevalence and prognostic significance of myocardial delayed enhancement in patients with bicuspid aortic valve syndrome? While published research demonstrating the prognostic significance of delayed enhancement in patients with aortic stenosis included patients with bicuspid aortic valves, 7 few data exist looking specifically at these patients.
CMR is an invaluable tool to help answer pressing questions such as these, and thus make a significant impact on the management of patients with this relatively common syndrome. The father of open heart surgery, C. Walton Lillehei once remarked, 'What mankind can dream, research and technology can achieve'. 16 For the bicuspid aortic valve syndrome, our dreams can now be achieved by research performed using the unprecedented technology of CMR.
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